The mitochondrial (mt) genomes of two soybean rust pathogens, Phakopsora pachyrhizi and P. meibomiae, have been sequenced. The mt genome of P. pachyrhizi is a circular 31 825-bp molecule with a mean GC content of 34.6%, while P. meibomiae possesses a 32 520-bp circular molecule with a mean GC content of 34.9%. Both mt genomes contain the genes encoding ATP synthase subunits 6, 8 and 9 (atp6, atp8 and atp9), cytochrome oxidase subunits I, II and III (cox1, cox2 and cox3), apocytochrome b (cob), reduced nicotinamide adenine dinucleotide ubiquinone oxidoreductase subunits (nad1, nad2, nad3, nad4, nad4L, nad5 and nad6), the large and small mt ribosomal RNA genes, one ORF coding for a ribosomal protein (rps3), and a set of 24 tRNA genes that recognize codons for all amino acids. The order of the protein-coding genes and tRNA is identical in the two Phakopsora species, and all genes are transcribed from the same DNA strand clockwise. Introns were identified in the cox1, cob and rnl genes of both species, with three of the introns having ORFs with motifs similar to the LAGLIDADG endonucleases of other fungi. Phylogenetic analysis of the 14 shared protein-coding genes agrees with commonly accepted fungal taxonomy.
INTRODUCTION
Soybean rust represents one of the most significant threats to soybean production worldwide (Miles et al. 2003) . Soybean rust was reported first in Japan in 1902, and the causal organism was identified as Phakopsora pachyrhizi Syd. and P. Syd. (Hennings 1903) . The disease subsequently spread to other countries in southeastern Asia, Australia, Africa, South America and most recently to North America (Bromfield 1984; Levy 2005; Yorinori et al. 2005; Schneider et al. 2005) .
Before the discoveries of P. pachyrhizi in South America and the United States, rust was detected on soybean in Puerto Rico in 1976 and identified as P. pachyrhizi (Vakili and Bromfield 1976) . However isozyme studies (Bonde et al. 1988 ) suggested that there were two different species of Phakopsora causing rust on soybean, one in Asia and the eastern hemisphere and a second in the New World. Subsequent morphological characterization of the telia revealed that P. pachyrhizi was the cause of soybean rust in Asia, while the rust on soybean and other legumes in the New World was identified as a new species, P. meibomiae (Arthur) Arthur (Ono et al. 1992) .
Recently these two Phakopsora species have been differentiated with species-specific PCR primers (Frederick et al. 2002) . Sequence analysis of the internal transcribed spacer region of the ribosomal RNA genes revealed approximately 80% similarity of P. pachyrhizi and P. meibomiae (Frederick et al. 2002) . Of the 24 simple sequence repeat (SSR) markers developed for P. pachyrhizi only two of the markers yielded any detectable product when P. meibomiae genomic DNA was used as template. However the amount of product was negligible compared to the amount produced when P. pachyrhizi genomic DNA was used as template, which suggests that SSR loci either are lacking or the flanking DNA regions are not well conserved in P. meibomiae (Anderson et al. 2008) .
Conserved gene sequences have been used to build phylogenetic trees, providing insight into fungal evolution and assisting in the clarification of confused phylogenies (Bullerwell et al. 2003; Seif et al. 2005) . Mitochondrial (mt) genomes evolve independently of the nuclear genomes and appear to evolve at an accelerated rate compared to that of the nuclear genome (Ballard and Whitlock 2004; Burger et al. 2003) and so often have been useful in cases where insufficient phylogenetic signal has accumulated in nuclear genes. While complete mt genomes are available for representative members of all fungal phyla, only seven members of the Basidiomycota have sequenced mt genomes. In this study the complete mtDNA sequences of P. pachyrhizi and P. meibomiae were determined and the genome organization, gene content and gene order were compared with other sequenced basidiomycetes. Analysis of the 14 common mt protein-coding genes was used to construct the phylogenetic relationships between these two Phakopsora species and other fungal mt genomes. These are the first descriptions of complete mt genome sequences for the rust fungi.
MATERIALS AND METHODS
Fungal isolates, library construction and sequence assembly.-P. pachyrhizi isolate Taiwan 72-1 and P. meibomiae isolate Puerto Rico were propagated on soybean and red kidney bean plants, respectively, as described by Frederick et al. (2002) . Total DNA was isolated from urediniospores as described (Posada-Buitrago and Frederick 2005) . Separate aliquots of total DNA preparations were shared randomly with a Hydroshear device (Genomics Solutions, Ann Arbor, Michigan) to generate fragments averaging either 3 kb or 8 kb. Fragments were cloned into pUC18 and pUC21, respectively, and sequenced with the Sanger sequencing method followed by capillary electrophoresis with ABI 3730 XL and MegaBase 4500 instruments following the whole genome shotgun (WGS) approach (Venter et al. 1998) . Approximately 700 Mb of sequence was determined, the overwhelming amount of it being from the nuclear genome (toward goals independent of this report). Sequencing reads were assembled with the Phred-Phrap Package (Ewing and Green 1998, Ewing et al. 1998 ) and compared to known mt sequences in GenBank by BLAST analysis (Altschul et al. 1997) to identify the portion of the genome assembly corresponding to mtDNA. The complete mt sequences of P. pachyrhizi isolate Taiwan 72-1 and P. meibomiae isolate Puerto Rico have been submitted to GenBank as GQ332420 and GQ338834 respectively.
Sequence annotation.-Putative open reading frames were identified in both Phakopsora species with both ORF Finder at the NCBI and Artemis (Rutherford et al. 2000) using genetic code 4 (Fox 1987) . Gene identities were assigned to ORF by screening for similarity with other organisms in the GenBank database with BLASTX (Gish and States 1993) .
Introns were identified by BLASTX analysis and comparison with mtDNA of other fungi. An intron in the cob gene was found as described by Grasso et al. (2006) . Exon and intron boundaries in the cox1 gene were identified by comparison to the protein sequences of Tilletia indica (GenBank accession No. ABI95829), Usitlago maydis (GenBank accession No. YP_762688) and Aspergillus niger (GenBank accession No. YP_337885). The identification of introns was evaluated further by comparing mt sequences to the existing P. pachyrhizi germinating spore EST database (Posada-Buitrago and Frederick 2005) .
tRNAs were identified with three independent programs, tRNAscan-SE (Lowe and Eddy 1997) , DOGMA (Dual Organellar GenoMe Annotator) (Wyman et al. 2004 ) and ARAGORN (Laslett and Canback 2004) . Codon usage was determined with the codon usage tool at http://www. ebioinfogen.com/biotools/codon-usage.htm with genetic code 4. Repeats were identified and analyzed with Tandem Repeats Finder (Benson 1999) and Palindrome and Einverted EMBOSS programs . Physical maps of the Phakopsora mtDNA were constructed with the GCView Server (Grant and Stothard 2008) .
Comparative genomics.-The complete mt genomes of the seven fungi belonging to the Basidiomycota were retrieved from GenBank. Mitochondrial gene content and gene order of P. pachyrhizi and P. meibomiae were compared visually to these seven fungi.
Phylogenetic analysis.-The 14 protein-coding genes shared in common among the 58 fungal mt genomes were aligned with Clustal W (Thompson et al. 1994 ) with default parameters. The rps3 gene was not included in this analysis because it is not conserved in some fungal mt genomes. Alignments were manually edited in SeaView (Galtier et al. 1996) to remove regions of uncertain alignment, and 3080 amino acid positions from the 14 concatenated protein sequences were used in the phylogenetic analysis. Maximum likelihood analysis was performed by PhyML (Guindon and Gascuel 2003) with the JTT substitution matrix for amino acid substitution ( Jones et al. 1992 ) and gamma distribution. The value of the shape parameter was optimized by PhyML. Branch support was tested with 100 bootstrap replicates (Felsenstein 1985) .
RESULTS
Gene content and genome organization.-The mt genomes of P. pachyrhizi and P. meibomiae are circular molecules of 31 825 bp and 32 520 bp respectively (FIG. 1) . The mt genomes of both Phakopsora species contain 14 protein-coding genes, one ORF coding for the ribosomal protein (rps3), the large (rnl) and small (rns) ribosomal subunit RNAs, and 24 tRNAs. The protein-coding mt genes include three ATP synthase subunits (atp6, atp8 and atp9), three cytochrome oxidase subunits I, II and III (cox1, cox2, cox3), seven nicotinamide adenine dinucleotide ubiquinone oxidoreductase subunits (nad1-6, nad4L) and cytochrome b (cob) (TABLE I). In addition P. pachyrhizi and P. meibomiae also contain an ancient gene (rps3) coding for a ribosomal protein found in some Ascomycota, Basidiomycota, Zygomycota and Chyridiomycota (Bullerwell et al. 2000) . All mt genes are transcribed clockwise from the same strand, and the gene order is identical in P. pachyrhizi and P. meibomiae (FIG. 1) . The percent similarity between the two Phakopsora species is 93% for the exons of the 14 protein-coding genes, 86% for the rps3 ORF, and 94% and 91% for the ribosomal RNAs, rnl and rns, respectively. The percent similarity of the non-coding intergenic regions between P. pachyrhizi and P. meibomiae is 62%.
The mean GC content for the P. pachyrhizi and P. meibomiae mt genomes is 34.6% and 34.9%, respectively. Overall the P. pachyrhizi mt genome contains 35.4% A, 30% T, 21.8% G and 12.8% C, while the P. meibomiae mt genome is composed of 35.9% A, 29.2% T, 22.2% G and 12.7% C. Protein-coding and noncoding regions of the P. pachyrhizi mt genome have similar GC content with 36.2% and 31.5% respectively. The P. meibomiae mt genome has 34.9% and 32.5% GC content in the protein-coding versus noncoding regions, respectively.
Introns were identified in the cox1 cob, and rnl genes in both Phakopsora species. The cox1 gene of both species contains three introns. Introns 1 and 3 of the cox1 gene contain ORFs with amino acid similarity to the LAGLIDADG motif of endonucleases in other fungi, including the basidiomycete Ustilago maydis (GenBank accession No. YP_762694.1). Comparison of these two cox1 introns to the NCBI EST database provided evidence for their transcription, thereby supporting their identification as intronic ORFs. BLASTX analysis with intron 2 in the cox1 gene did not reveal any significant amino acid similarity to any other organism, and no sequence similarity was found in comparisons to the P. pachyrhizi ESTs and the NCBI EST database. The intron in the cob gene was described in P. pachyrhizi (Grasso et al. 2006) . Comparison of the cob intron and the flanking exons to the P. pachyrhizi ESTs revealed two clones with gaps in coverage corresponding to the intron, suggesting that this intron was not transcribed. However BLASTX analysis found similarity at the amino acid level to the LAGLIDADG endonucleases (RNA maturases) in other fungi, including the basidiomycetes M. perniciosa and U. maydis (Genbank accession Nos. YP_025851.1 and YP_762690.1 respectively).
Comparison of the rnl gene to Phakopsora pachyrhizi ESTs in GenBank suggests the presence of an intron. No P. pachyrhizi ESTs span the P. pachyrhizi rnl gene 1223-1924 bp or in the P. meibomiae mt 1253-1879 bp. Comparison of the P. pachyrhizi and P. meibomiae rnl genes to the ESTs of three other rust fungi, Puccinia graminis f. sp. tritici (GenBank accession No. CV191672), P. striiformis f. sp. tritici (GenBank ES321943) and Uromyces appendiculatus (GenBank EH299595), revealed a gap in coverage 1560-1924 bp in P. pachyrhizi and 1598-1879 bp in P. meibomiae, which indicates that these regions are introns. BLASTX analysis of these introns did not reveal any significant similarity to any other organisms in GenBank.
Both P. pachyrhizi and P. meibomiae mt genomes contain 10 perfect or near identical tandem repeats, ranging in size from 2-53 bp and with 2-32 copies (TABLE II) . None of the tandem repeats are present in FIG. 1. Circular DNA maps of the mitochondrial genomes of Phakopsora pachyrhizi, left, and P. meibomiae, right. Genes for tRNA are located on the middle circle. The 14 protein-coding genes and the small and large ribosomal genes are depicted by shaded boxes on the outer circle. Introns are indicated by white boxes with black dots. All genes are on the same DNA strand and were transcribed clockwise. both P. pachyrhizi and P. meibomiae mt genomes. In P. pachyrhizi the dyad TA is the most repeated motif with 32 copies, followed by the 5 bp perfect tandem repeats CTTCT and AGATA with 18.4 and 11.8 copies respectively. The largest tandem repeat motif in the P. pachyrhizi mt genome is 28 bp and occurs three times after cox2 (position 9842-9925). In P. meibomiae the most repeated tandem motifs are GATATA and ATATCA with 11 and 15.5 copies, respectively. These two tandem near perfect repeat sequences also comprise part of a 68 bp inverted repeat element at positions 24730-24797 and 25630-25697, which flank exon 4 of cox1. The largest tandem repeat unit in P. meibomiae is 53 bp and occurs at 2.0 copies after nad1. Four inverted repeat motifs were found in the P. pachyrhizi mt DNA, whereas two inverted repeats were identified in P. meibomiae (TABLE II) .
Codon usage and tRNA genes.-The four most frequent amino acids in the P. pachchyrhizi mt genome are isoleucine (593), leucine (478), serine (423) and valine (400), and these same four amino acids are the most common in the P. meibomiae mt genome with 594, 477, 417 and 385 counts respectively (TABLE III) . The five most frequent codons in the mt genomes of P. pachyrhizi and P. meibomiae are CTA, ATA, GTA, TTT and ATT accounting for 34.9% and 34.7% of all codons in P. pachyrhizi and P. meibomiae, respectively. The codons CGC (Arg) and TTG (Leu) are not used in the mt genome of either Phakopsora species, and codons GGC (Gly) and TTA (Leu) are not used in P. pachyrhizi and P. meibomiae, respectively. Fourteen codons were underrepresented in both Phakopsora species, occurring 1-15 times each (TABLE III) . A codon usage bias exists toward codons with A or T in the third position. Codons ending in A or T comprise 74.6% and 75.2% of all codons of P. pachyrhizi and P. meibomiae respectively. Most protein-coding genes start with the canonical translation initiation codon ATG. However atp9, atp8 and cox1 genes of P. pachyrhizi and cox1, cox2, and cox3 genes of P. meibomiae appear to use the ATA start codon while atp8 of P. meibomiae displays a potential ATT start codon. In both Phakopsora species the preferred stop codon in the mt is TAA, occurring in 11 genes of P. pachyrhizi and nine genes of P. meibomiae. The alternative stop codon TAG occurs in four mt genes of P. pachyrhizi and six mt genes of P. meibomiae, while the universal stop codon TGA was not observed but instead encodes for tryptophan as has been described for other fungal mt genomes (Saccone et al. 2002) .
Twenty-four tRNAs were identified in each of P. pachyrhizi and P. meibomiae mt genomes (TABLE I) . tRNA genes are located on the same DNA strand as the other genes, and the order is identical in both Phakopsora species (FIG. 1) . Twelve of the tRNA group into three clusters of four tRNA genes each, while the other 12 tRNA occur singly (FIG. 1) .
Comparative genomics.-Comparison of the mt genomes of P. pachyrhizi and P. meibomiae with those from other Basidiomycota did not show overall synteny of the protein coding genes (FIG. 2) . However closer inspection reveals trends in the grouping of some genes. In eight of the nine species examined nad2 and nad3 cluster together on the genome as do nad4L and nad5. The linkage of these genes is such that no intergenic spacers exist between nad2 and nad3 or between nad4L and nad5 in P. pachyrhizi and P. meibomiae. Similar linkage between nad genes had been reported among the Basidiomycota (Wang et al. 2008; Forget et al. 2002) . In addition the atp6 and atp8 genes group together in the mt genomes of P. pachyrhizi, P. meibomiae, T. indica, T. walkeri and U. maydis. In some other cases this is due to genes being translated from a bicistronic transcript, but this remains to be investigated for these organisms.
P. pachyrhizi and P. meibomiae each contain three introns in cox1 and one intron in cob. Likewise other members of the Basidiomycota show a bias for insertion of introns in these two protein-coding genes. Highly conserved sequence regions are the preferred targets of introns. Cox1 and cob are the most conserved mt genes and therefore the most frequent targets for insertion elements in fungal mt genomes (Paquin et al. 1997 ).
Phylogenetic analysis.-Phylogentic trees were built with the 14 protein-coding genes (atp6, atp8, atp9, cox1, cox2, cox3, cob, nad1, nad2, nad3, nad4, nad4L, nad5 and nad6) in common from 58 fungal species. The phylogenetic trees obtained for each of the mt genes showed only minor incongruence with commonly accepted fungal taxonomy (data not shown). Sequences of the 14 protein-coding mt genes were concatenated and re-analyzed to produce a final phylogenetic tree (FIG. 3) . The topology of this tree showed higher bootstrap (BS) support for most of the branches than those built with independent genes and agreed with commonly accepted fungal taxonomy and recent fungal phylogenies (Kouvelis et al. 2004 , Blackwell et al. 2006 , Formighieri et al. 2008 ).
DISCUSSION
The mt genomes of fungi show tremendous size variation ranging from the smallest known at 11 094 bp in Hanseniaspora uvarum (Pramateftaki et al. 2006) to the largest at 109 103 bp in Moniliophthora perniciosa (Formighieri et al. 2008) . With the sequences of the P. pachyrhizi and P. meibomiae mt genomes the number of Basidiomycota mt genomes available is nine. They were the first mt genomes from class Pucciniomycetes or from any rust or obligate fungal plant pathogen to be sequenced. The mt genomes of P. pachyrhizi and P. meibomiae, at 31 825 bp and 32 529 bp respectively, are of slightly less than average size reported for fungi. Among the Basidiomycota only Cryptococcus neoformans showed a smaller mt genome than these two Phakopsora species. The five other Basidiomycota mt genomes exceed 49 kbp and include the largest fungal mt genome sequenced to date, M. perniciosa (Formighieri et al. 2008) . Despite their relative small size among the Basidiomycota, both Phakopsora species contain the full complement of 14 protein coding genes and two ribosomal nuclear genes as is typical of fungi, along with 24 tRNAs. In addition P. pachyrhizi and P. meibomiae contain rps3 like five other members of the Basidiomycota, with the two Tilletia species being the exceptions. While the mt genomes of some groups of fungi, particularly the Sordariomycetes and Eurotiomycetes classes of Ascomycota, show a high degree of synteny FIG. 2. Comparison of the gene content and order of the known mitochondrial genomes of Phakopsora pachyrhizi and P. meibomiae and other members of the Basidiomycota: Tilletia indica (DQ993184), Tilletia walkeri (NC_010651), Ustilago maydis (NC_008368), Cryptococcus neoformans var. grubii (NC_004336), Schizophyllum commune (NC_003049), Pleurotus ostreatus (NC_009905) and Moniliophthora perniciosa (AY376688). Gene sizes and total mitochondrial genome lengths are drawn proportionally. Protein coding and rRNA genes are represented by boxes. Dashed lines within genes represent the presence of introns. (Kouvelis et al. 2004; Cardoso et al. 2007 ), this was not evident among the Basidiomycota. With the addition of two Phakopsora species five different classes of the Basidiomycota have been sequenced. Even at the family level the three sequenced members of the Agaricales do not show any significant synteny. However the two Phakopsora species included in this study possess the same gene order and structure, including the presence of introns. Similarly T. indica possess the same gene order as T. walkeri, and M. perniciosa and M. roreri exhibited a high degree of synteny, so there is a conservation of gene order at least for these congeners. This data suggests that gene order among the Basidiomycota is re-arranged during speciation (Formighieri et al. 2008 ). The mt gene order is consistent at the genus level but appears to be absent at the family level. However the Agaricales is the only family in which there are mt genome sequences available from multiple genera. The order of cox2, nad1 and cob is conserved in C. neoformans and S. commune even though they are in different families. As more mt genomes for other members of the Basidiomycota become available a more comprehensive evolutionary history of gene order re-arrangement will unfold.
Despite the lack of synteny in mt gene order among the Basidiomycota, the protein-coding genes are consistent in their size. While M. perniciosa has the largest and C. neoformans the smallest mt genome among Basdisiomycota, there is less than a 300 bp overall difference between the protein-coding regions of these two species. The greatest variation between protein-coding regions within the Basidiomycota is just over 2100 bp, which occurs between S. commune and P. meibomiae. The variation in mt genome size is the result of differences in size and organization of intergenic spacers, number and size of optional introns and undetermined ORFs. The tremendous mt size variation between two strains of C. neoformans is attributable to differences in the number of introns contained within several of the mt genes (Litter et al. 2005) . P. anserina is known to have larger sizes and numbers of introns, while M. perniciosa has larger intergenic regions between known mt genes (Wang et al. 2008; Formighieri et al. 2008) . Because S. commune does not contain any introns in the mt protein-coding genes the size variation compared to other Basidiomycotina mt genomes must stem from variations in the intergenic spacer regions (Forget et al. 2002) .
Like most other fungal mt genomes, the Phakopsora mt genomes show a strong A + T bias. In addition a codon usage bias exists with an A or T in the third position in 74.6% and 75.2% of all codons in P. pachyrhizi and P. meibomiae, respectively. This codon bias most likely results from the strong mutational bias toward A and T of the mt genome (Xia 1996) .
Analysis of the P. pachyrhizi and P. meibomiae mt genomes has identified potentially useful regions for the evaluation of inter-and intraspecies variation for population studies. While studies of fungal mt genomes have identified variation in the size and number of introns as a tool for distinguishing between strains of a single species (Litter et al. 2005) , this approach is not likely to be useful for Phakopsora species because P. pachyrhizi and P. meibomiae possess identical introns in their mt genomes. The minor sequence variation within the protein-coding regions of the mt of P. pachyrhizi and P. meibomiae indicates that these might not be useful regions for examination of intraspecies variation. However the mt intergenic regions show only 62% similarity between P. pachyrhizi and P. meibomiae, so it might be plausible to develop intraspecies-specific molecular markers from these regions, as was accomplished for Metarhizium anisopliae var. anisopliae (Ghikas et al. 2006) .
